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Currently, the hydrogen/deuterium exchange kinetics in cobalt(III) complexes are 
being investigated. In the presence of deuterated solvents, (e.g. D 2 0 and CH3CH20D) the 
amine hydrogens in the complexes are exchanged for deuteriums. For the 
hexaamminecobalt(III) ion, 19 isotopmers (H18D0 to HOD 18) are possible. For the 
tris(ethylenediammine)cobalt(III) ion, 13 isotopmers (HI 2D0 to HOD 12) are possible. Each 
hydrogen/deuteruim exchange causes a shift in the observed 59Co resonance of approximately 
6 ppm. The rate constant of the hydrogen-deuterium exchange for the first H-D exchange 
has been determined as a function of solvent. When the chosen solvent is D 2 0, the rate 
constant is 1.09 x 10° sec"1 for the hexaamminecobalt(III) ion. In methanol-d, the rate 
constant is 1.82 x 10"4 sec"'. Electronic effects of ligands have also been investigated. 
Experimental conditions (e.g., observation frequencies and solution parameters) and the 
representative NMR spectra are presented. 
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I. INTRODUCTION 
A. Cobaltdll) complexes 
Some of the earliest studies in the area of coordination compounds were performed 
by A. Werner and S. M. Jorgensen in the late 1800's. Most of their work focused around one 
metal-cobalt. At the beginning of their investigation, four complexes of cobalt(III) chloride 
with ammonia had been identified. These complexes were named according to their colors:1 
Table 1. The Colors of Similar Early Cobalt(III) Complexes.' 
Complex Color Early Name 
CoCl3-6NH3 Yellow Luteo complex 
CoCl3-5NH3 Purple Purpureo complex 
COC13'4NH3 Green Praseo complex 
COC13-4NH3 Violet Violeo complex 
It is interesting to note that two of the compounds have identical empirical formulas, 
CoCl3 '4NH3 , but very distinct properties. The most obvious is the difference in color. 
Werner also noticed that the behavior of the chloride ions was considerably different for each 
of the four complexes. When silver nitrate was added to the solutions, each precipitated a 
different stoichiometric amount of silver chloride.' 
These observations led Werner to propose the following: There exist two types of 
valency for each metal ion. A primary valency uses anions in order to maintain a neutral 
1 
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charge on the complex. A secondary valency, now known as the coordination number, also 
exists, which incorporates both anions and neutral donors. In cobalt(III) ions, the complex 
is octahedral in shape. This geometry leads to a coordination number of six. From this 
information, Werner postulated that two coordination spheres exist within the complex. The 
first coordination sphere consisted of species directly attached to the metal. The second 
coordination sphere includes all species associated with the complex, yet not directly 
attached to the metal center. For example, in [CO(NH3)6]C13, the first coordination sphere 
involves the six NH3 groups because these ligands are directly attached to the cobalt. The 
three chlorides are in the second coordination sphere, because they are needed to fulfill the 
primary valency, but are not bonded directly to the metal center.1 
With this knowledge, the results obtained when each complex is reacted with silver 
nitrate was that which was expected. One mole of CoCl3 '6NH3 in the presence of excess 
silver nitrate will produce 3 moles AgCl(s). The reason is that the six ammonia groups are 
in the first coordination sphere while the three chlorides are in the second coordination 
sphere. Since the chloride is not involved in the covalent bond to the metal, it is free to react 
as an anion to form silver chloride. When one mole COC13'5NH3 is reacted in the presence 
of excess silver nitrate, 2 moles AgCl(s) are produced. In this case one of the chlorides is 
involved in the first coordination sphere and is a part of a covalent bond to the metal. Thus, 
only two chlorides are available to react as anions. This trend is followed for each 
subsequent complex.1 
Cobalt(III) complexes have also been used for biological applications. In 1983, 
Hanahan published a paper showing that when 3mM of hexaamminecobalt(III) chloride was 
added to a buffer solution used to make competent cells, there was an increase in the genetic 
transformation efficiency of Escherichia coli2 Competence refers to the ability of a cell to 
up-take DNA into a DNase-resistant form which is not easily removed by washing. This 
appears to be an induced state because most transformable bacteria become competent only 
under strict growth conditions/ In Hanahan's paper, a set of conditions was described where 
about 1 in 400 plasmid molecules produced a transformed cell. The conditions included cell 
growth in a medium that contained elevated levels of magnesium; the cells were incubated 
at 0°C in a solution of various monovalent and divalent cations, dimethylsulfoxide, 
dithiothreitol, and hexaamminecobalt(III) chloride. Out of a test of around 40 compounds, 
only hexaamminecobalt(III) chloride was shown to significantly broaden the range of cell 
densities which yielded maximal transformation efficiencies. 
Hanahan suggested the role of hexaamminecobalt(III) chloride was to serve as an 
analog of cobalmin, either by activating or interfering with components of the cobalmin 
transport system.2 
Other studies have shown that cell division of E. coli could be inhibited, by the 
production of elongated cells, when various cobalt(III) complexes were utilized in a defined 
growth medium.4 Hexaamminecobalt(III) chloride induced DNA condensation in aqueous 
solution. This condensation occurred when a critical fraction of the DNA phosphate charge 
was neutralized by complex cations that were adsorbed to the DNA. It was further suggested 
that the cation-induced DNA condensation in aqueous solution resulted from cation cross 
linking, i.e., the electrostatic bridging of adjacent helices by trivalent complex cations.5 
Cobalt(III) porphyrins have become important as receptors for amines, amino acids, 
and other ligands. These porphyrins have been used as NMR shift reagents because they 
have slow axial ligand exchange and negligible line broadening.6 meso-Tetraphenyl-
4 
porphyrincobalt(III) chloride has been employed as an NMR shift reagent. This porphyrin 
enables study of the conformations of substituted piperidines using 'H NMR at room 
temperature. When an excess of the porphyrin was added to the substituted piperidine in 
deuterochloroform, selective complexation at the nitrogen in the piperidine took place. 
Since the ligand complexation was slow on the NMR time scale, both conformations were 
observed. Another advantage is that by using the porphyrin as a shift reagent, the line widths 
are not broadened as is the case when lanthanide shift reagents are used.7 
B. History of 59Co NMR 
59Co NMR has shown promise to be a powerful tool for the elucidation of structure, 
reaction kinetics and isotope shift effects in coordination compounds. Studies have shown 
that 59Co NMR can be employed as a method for determination of hydrogen bond donation 
and as a quantitative measure of the strength of the hydrogen bond.8 It has also been 
proposed that the hexaamminecobalt(III) ion can be used as a surrogate for the 
hexaaquomagnesium(II) ion in the investigation of metal-RNA interactions. Thus by 
employing high resolution solid-state 59Co NMR, the binding sites of the 
hexaaquomagnesium in a variety of nucleic acids can be determined.9 When the chemical 
shifts of cis and trans isomers are compared, it is noted that the shift of the trans isomer is 
always higher that of the cis isomer. This observation is true regardless of the strength of the 
ligand fields. It is postulated that the difference in radial parameters and orbital reduction 
factors are the cause of the difference in the chemical shift. It may also be noted that the line 
widths of the trans isomer are larger than those for the corresponding cis isomer. The 39Co 
line widths for the species are determined based upon quadrupolar interaction. Based on a 
point-charge model, it was calculated that the electric field gradient of a trans isomer was 
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twice that of the corresponding cis isomer. The magnitude of the 59Co quadrupole moment 
makes the line widths exceptionally sensitive to the electric field gradients about 
cobalt-hence the symmetry of the nucleus.10 
Not all cobalt complexes can be investigated by 59Co NMR. For instance, Co(II) 
complexes are paramagnetic and therefore cannot be studied by 59Co NMR. Co(III) 
complexes can be either diamagnetic or paramagnetic, based upon the magnitude of the 
crystal field splitting energy, A0.8, " 
C. Hydrogen/deuterium exchange studies in cobalt(III) complexes 
Kinetic studies have been done involving the hydrogen/deuterium exchange in 
cobalt(III) complexes. The reaction can be written in a general form as 
Co(III)L5NH3 + DS - > CO(iii)L5NH2D + HS 
where L is a group coordinated to the cobalt, DS is the deuterated solvent, and HS is the 
protonated solvent. More specifically, this reaction can be illustrated as 
L / C O + 3 — N H 3 + DS 
L 
L 
L / C O + 3 — NHOD +HS 
L 
The hydrogen/deuterium exchange is known to be second order. It is first order with 
respect to complex concentration and first order with respect to deuterated solvent 
concentration.12, l j 
Rate = k[CoL5NH3+3][DS] 
Basolo and Pearson developed a method for observing the hydrogen/deuterium exchange 
6 
using IR or 'H NMR.14,15,16 In the IR method, the hydrogen/deuterium exchange rates were 
determined by monitoring the increase in OH concentration over time in an acetate buffered 
heavy water solution. Since D 2 0 does not readily absorb in the IR region, 
hydrogen/deuterium exchange rates were followed by monitoring the increase of the OH 
peak absorbance while the NH peak absorbance disappeared. The pseudo-first order rate 
constants were determined by plotting the log(H„- Ht) versus time and multiplying the slopes 
of these lines by -2.3. In the plot, H«, is the absorbance of the OH peak at infinite time and 
Ht is the absorbance of the OH peak at time t. In the 'H NMR studies, the O-H proton signal 
is sharp and easily measured; thus the hydrogen/deuterium exchange rate was followed by 
measuring the increase in the O-H signal over time. The pseudo first order rate constants 
were determined in a similar manner as before by plotting log(H„-H t) versus time and 
multiplying the slopes of these lines by -2.3. For this plot, FLis the height of the OH peak 
in mm at infinite time, and Ht is the height of the OH peak in mm at time t. By these 
methods, the authors calculated an approximate second order rate constant for the 
hexaamminecobalt(III) chloride system of 1.6 x 106 M"' sec"1. For the tris-
(ethylenediammine)cobalt(III) chloride system, an approximate second order rate constant 
of 2.4 x 106 M"1 sec"1 was calculated.14' 15>16 
Palmer and Basolo also studied the effect of the cationic charge. They found that the 
more positively charged complex cation contains the more reactive (acidic) hydrogen. The 
relative rates of hydrogen exchange decrease in the order: Co(NH3)6+3 > Co(NH3)5X+2 > 
Co(NH3)4X2+. In addition, IR studies showed an increase in the N-H stretching frequency 
with a decrease in the cationic charge. These results were interpreted as follows: the greater 
N-H bond strength the slower the rate of hydrogen/deuterium exchange.16 
7 
D. Proposed study 
The goal of the research presented is to investigate the hydrogen/deuterium exchange 
kinetics in hexaamminecobalt(III) chloride and tris(ethylenediammine)cobalt(III) chloride 
complexes as a function of deuterated solvent by 59Co NMR. Standard experimental and 
instrumental protocols were developed in order to obtain reproducible data for the reported 
rate constants. In addition, the effect of varying the ligands coordinated to the cobalt(III) 
metal center on the hydrogen/deuterium exchange was investigated. A discussion of the 
theoretical background necessary to interpret 59Co NMR spectra is included. 
II. THEORY 
A. Nuclear magnetic resonance 
1. ID experiment 
Radio frequency is one of the most accurately measurable physical quantities 
known." When a ID proton NMR spectrum is taken, a sample is placed inside an NMR 
tube. The tube is then placed in a magnetic field where it undergoes magnetization in order 
to align the spins of the nuclei. Once the nuclei are aligned, the sample is perturbed with a 
range of radio frequencies. One or a combination of these radio frequencies causes the nuclei 
to be perturbed from their equilibrium position. The return of the nuclei to their equilibrium 
position is detected as an oscillating current by a coil wound around the sample tube. This 
observation is recorded as the NMR signal. The signal is collected in the form of a Free-
Induction Decay, or FID: free of the influence brought about by the radio frequency field, 
induced in the coil, and decaying back to its equilibrium position. In order to convert the 
FID into a spectrum, the raw data undergoes a Fourier Transformation by extracting the 
frequencies from the raw data. The Fourier Transformation is a mathematical algorithm 
which converts the information in the FID (the time domain) into the spectrum (the 
frequency domain) (see Figure l)17 
The frequencies which cause perturbation in the spin of the nuclei are defined as 
resonance frequencies. The resonance frequency is defined by the following equation: 
co = y H ( l - o ) 
Where GO kHz is the resonance frequency, y rad T"1 s"1 is the magnetogyric ratio, a 
8 
Sample 
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^Magnetic Field 
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Data 
^Fourier 
^Transformation 
Spectrum 
Figure 1. Flow diagram for a ID NMR experiment. 
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proportionality constant that relates the observation frequency of a nucleus to the external 
magnetic field.'7 a is the shielding constant, a dimensionless quantity that represents the 
shielding of the nucleus by the electrons in the vicinity of the nucleus. A measure of the 
differences in the shielding constants, a , associated with various chemical environments 
accounts for the observed chemical shifts.18 H T is the external magnetic field. In the 
current study, the external magnetic field remains constant throughout all experiments. Thus, 
the only factor that changes the resonance frequency is the shielding constant. 
The chemical shift, 5, is defined as the difference in the resonance field strength for 
nuclei in two different environments. It is expressed in parts per million relative to a 
standard nucleus:'9 
^sample ^reference c 
o - xlO 
m , rejerence 
In the current study Co(CN)6"3 is the standard reference nucleus. The Co(CN)6"3 resonance 
frequency is 64,102.549 [kHz], 
The basic shielding model was developed by Ramsey. He began with the bare 
nucleus and formulated a shielding constant as the sum of the diamagnetic and paramagnetic 
terms.20 
o = od + a p 
The terms diamagnetic and paramagnetic do not refer to the magnetic properties of the 
molecule under consideration. They arise from the mathematical shapes of the expressions 
for a d and o . The diamagnetic term involves the concept of symmetric, free rotation of the 
electrons about the nucleus in the ground state. Since there is no mixing in of excited states, 
the field does not distort the electron distribution in the molecule. Instead, it simply induces 
11 
spherical rotation of the electrons. The paramagnetic term is hindrance to the spherical 
rotation. More specifically, it describes the contributions from the asymmetric, nonspherical 
circulation of the electron density about the nucleus. Nonspherical rotation is the result of 
field-induced mixing in of excited states (asymmetrical) with the ground state (symmetrical) 
that allows a mechanism for the nonspherical circulation leading to the paramagnetic term.18, 
21 
2. Theory of 59Co NMR 
Cobalt occurs in nature as the isotope 59Co and has a natural abundance of 100%.22 
This isotope has an NMR receptivity 1572 greater than that of | JC. The nuclear spin is 7/2 
and the quadrupole moment is known to be 0.4 x 10~28 cm2. The magnitude of the 
quadrupole moment is responsible for the sensitivity of the line width to the electric field 
gradients at cobalt. It is this factor that causes the line widths to be sensitive to the symmetry 
about the atom.11,23 Since the spin of the nuclei is relatively large, the relaxation occurs 
primarily through the interaction of the electric field gradient with the nuclear quadrupole 
moment.8 '" '23 '24 '25 
Two of the most frequently used nuclei in NMR spectroscopy are 'Hand l jC. 'Hhas 
a chemical shift range of only 12 ppm. The chemical shift range for l jC is expanded slightly 
to around 200 ppm. 59Co NMR is particularly interesting because it has a chemical shift 
range of over 18,000 ppm.17 Since the chemical shifts for 59Co NMR are so large, it is 
believed that the primary contributing factor is the second-order paramagnetic term. It has 
been shown for a small number of coordinating groups that the order of the chemical shifts 
follows the order of decreasing ability to split the energy levels of the octahedral cobalt(III) 
complex.26 In octahedral cobalt(III) complexes, there are low-lying excited states present; 
thus a is significant.'8,21 For the octahedral low-spin d6 complexes, there are two spin-
12 
allowed excited states 'T, (t2g5 e ') and ]T2 (t2g5 eg ') that are available to mix with the 'A, 
(t2g6e °) ground state under the influence of the magnetic field. In principle only the lower 
lying 'T, state actually mixes with the 1 A l g ground state. The field at the nucleus due to the 
induced moment is then a result of the mixing of the 'T, excited state with the "A, ground 
state.25,27 The magnitude of the second-order paramagnetic term which results from this 
mixing is inversely proportional to the energy separation between the two states. As a result, 
the Op value should decrease in the same order as the ligand field splitting power of the 
coordinating groups is increased. Typically, the excitation energy for Co(III) is extremely 
small, a p is very large. It is this large value for Op that is responsible for the 18,000ppm shift 
range for the 59Co NMR spectra.25 In general, experimentally observed 59Co chemical shifts 
are in response to major structural alterations in the first coordination sphere. However, 
since the chemical shift range is so large, even subtle differences within the second 
coordination sphere are detectable.8,28 
Griffith and Orgel devised a general application of crystal field theory to the Ramsey 
model for shielding.8 They found a linear correlation between the longest wavelength of the 
d - d transition and the resonance frequency in 59Co NMR.23,29 This theory was derived from 
cobalt(III) octahedral complexes under the assumption that the orbital reduction factor of the 
d orbitals did not vary between complexes. The orbital reduction factor is a constant that 
describes the extent to which the orbital angular momentum for the metal atom is reduced 
below its free-ion value that results from covalent bond formation." Subsequent studies 
have revealed deviations when ligands from different periods were used and also in 
complexes which deviated from octahedral symmetry. These anomalies have been explained 
based upon the assumption that for complexes of lower symmetry, anisotropy of the 59Co 
13 
chemical shift would be expected.30 Betteridge and Golding have done theoretical 
investigations that sought to extend the Griffith and Orgel theory to include quantitative 
calculations of spin-orbit coupling interaction, configurational mixing, bonding effects, and 
the distortion interaction.31 
Freeman et al. verified experimentally, Griffith and Orgel's hypothesis that chemical 
shielding decreased slightly as the temperature was increased.32 This decrease in shielding 
presumably happens because as the temperature is increased, the subsequent population of 
higher vibrational modes reduces the difference in the crystal field energy split, A0. They 
also found a good correlation between the 59Co resonance frequencies and the 
spectrochemical series for 14 cobalt(III) complexes (i.e., potassium hexacyanocobalt(III), 
rram'-dichloro-bis(ethylenediammine)cobalt(III) chloride, hexaamminecobalt(III) chloride, 
carbonatotetraamminecobalt(III) nitrate, and m-dinitrotetraamminecobalt(III)chloride). 
When a plot of the chemical shift versus the reciprocal of the energy difference of the lowest 
d - d excited state transition, ^ , a linear relationship was found. Later NMR studies of the 
chemical shifts of Co(III) complexes displayed a discrepancy to the expected single linear 
relationship as the complex deviated from octahedral symmetry. It has also been 
demonstrated that the chemical shifts of 59Co NMR resonance in cobalt(III) complexes is 
linearly related to the electronegativities of the ligand atoms which are directly coordinated 
to the cobalt nucleus.^ 
Additional parameters have been determined to influence the shielding on the cobalt 
nucleus. These include changes in cobalt(III) complex concentration, changes in solvent 
parameters or phase and changes in temperature or pressure." A pattern of increased 
shielding with decrease in complex concentration has been observed for both the 
tris(ethylenediammine)cobalt(III) chloride and the potassium hexacyanocobalt(III). Observed 
chemical shifts due to solvent effects are small with respect to the entire shift range of 18,000 
ppm. However, when complexes with similar chemical shift values are compared, this 
effect can be significant. 59Co NMR shieldings follow a linear dependence upon 
temperature. An increase in temperature results in a decrease in shielding which moves the 
resonance position to higher 5 values." 
There are many factors that affect the line widths of cobalt(III) complexes in the 59Co 
NMR spectrum. Due to the quadrupole moment, the cobalt couples efficiently with the 
electric field gradients which are present at the nucleus. There is general agreement that the 
quadrupole moment dominates the relaxation of the 59Co among the different nuclear spin 
states. Quadrupolar relaxation is the reaction mechanism believed to contribute to the line 
width of the cobalt (III) complexes. This relaxation is mainly a reflection of the symmetry 
of the ligand atom combination and configuration.11,27 As the complex deviates from 
octahedral symmetry, factors involving the asymmetry parameters also become important.34 
When [Co(NH3)5H20](C104)3 and cis and fmm-[Co(en)2NH3H20]Br3 were studied, a 
dependence of the line width upon the pH of the solution was observed.35 Fujiwara et. al. 
observed a sharper line as the pH increased. At an intermediate pH (5-10) both the hydroxo 
and aquo complexes exist to an appreciable amount. It is in this range that there is a rapid 
exchange between the two complexes/5 
It has been observed that line widths differ greatly with changes in solvents. Au-
Yeung and Eaton have correlated these results to the hydrogen bonding capabilities of the 
solvents. Broader lines have been attributed to solvents that have stronger hydrogen bonding 
abilities. Also, as the viscosity of a solution is increased, the line width is increased/6 In 
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subsequent work, they developed a point-charge model that could calculate the line widths 
and the chemical shifts from the 59Co NMR spectra. 
B. Kinetics 
1. General Considerations 
Chemical kinetics is defined as the study of reaction rates, the changes that reaction 
rates undergo in various conditions, and the molecular events that occur throughout the 
reaction. There are four variables that can affect the reaction rate. These are as follows: the 
concentration of the reactants, the concentration of the catalyst, the temperature where the 
reaction occurs, and the surface area of a solid reactant or a catalyst.37 
In most cases, the rate of a reaction will increase with an increase in reactant 
concentration. When a reaction occurs in the presence of a catalyst, the activation energy is 
lowered thus causing the reaction to proceed faster. Reactions also tend to proceed faster as 
the temperature is increased. Finally, if a reaction involves a solid, the surface area of the 
solid plays a role in the reaction rate. As the surface area increases, the rate of the reaction 
increases.37 
In chemical kinetics, one of the goals is to derive an equation that can be used to 
predict the relationship between the rate of the reaction and the concentration of the 
reactants. This experimentally determined equation is known as the rate law. The general 
equation for a rate law can be written as j8 
Rate = k[A]m[B]n... 
Where k is the rate constant, [A] and [B] represent the molarities of the species, and m and 
n are experimentally determined values which indicate how the rate of a reaction is 
influenced by changes in the concentration of the species involved in the reaction. It is these 
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exponents that determine the order of the reaction. The overall reaction order is the sum of 
the exponents (m+n+...). k is a proportionality constant that relates the reaction rate to the 
concentration of the reactants. For a given reaction, the larger the k value, the faster the rate 
of the reaction.38 
2. Pseudo-ls t order kinetics 
According to Wilkins, j9 there are three conditions that can be applied to a system in 
order to force the system to follow a pseudo-first order rate constant. (1) There is only one 
reactant present in the system. A reaction that involves a stereochemical change is an 
example; (2) all of the other reactants which are possible to interact in the reaction are at least 
tenfold greater in concentration than the reactant under study; (3) buffering is incorporated 
in order to hold the concentration of one of the other reactants constant, or. the reactant is 
constantly replenished as though in a catalytic role. Therefore, the pseudo-first order rate 
equation can be written as 
~d[A] . 
dt = k[A]> 
Where [A] is the concentration of the reactant or complex under study, k is the rate constant, 
and t is time. This equation can be integrated to give 
l o g [ ^ L = l o g [A]0 
Z.jOJ 
where [A]t is the concentration of the complex at time = t and [A]0 is the concentration of the 
complex at the initial time. A plot of log[A]t versus time gives a straight line where the slope 
is defined as: 
III. EXPERIMENTAL 
All reagents were obtained from Aldrich Chemical Company unless otherwise 
specified. In order to maintain a constant hydroxide ion concentration, the complexes were 
dissolved in a buffer solution. The buffer solution was prepared by adding anhydrous 
sodium acetate and acetic anhydride to deionized water to form a 0.1M sodium acetate and 
a 0.1M acetic acid solution. The pH of the buffer solution was 4.61. The deuterated solvents 
were purchased from Cambride Isotope Laboratories, with the exception of deuterium oxide 
which was purchased from Aldrich Chemical Company. All deuterated solvents were stored 
in the refrigerator. The 30% hydrogen peroxide, diethyl ether, and ethanol used in the 
synthesis of hexaamminecobalt(III) chloride were obtained from Fisher Scientific. The 
ethanol and ether were also stored in the refrigerator. 
A. Synthesis 
1. Hexaamminecobalt(III) chloride 
4 CoCl2 + 4 NH4C1 + 20 NH3 + 0 2 - 4 [Co(NH3)6] Cl3 + 2 H 2 0 
(dark orange) 
A mixture of 5 grams of cobalt(II)chloride hexahydrate and 3.3 g of ammonium 
chloride was added to 30 mL deionized water in a 250 mL Erlenmeyer flask. One gram of 
activated charcoal and 45 mL concentrated aqueous ammonia were added in the hood. The 
resulting brown slurry was cooled in an ice bath to 0 °C. Next, 4.0 mL 30 % hydrogen 
peroxide was added using a buret that had been set up in the hood. The peroxide was added 
at a rate of approximately 2 drops second. Care was taken to avoid excessive effervescence 
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in this reaction. While the peroxide was being added, the temperature was not allowed to 
exceed 10 °C. The resulting red-brown solution was heated to 60 °C, and this temperature 
was maintained for 30 min. The mixture was then cooled to 0 °C. The product precipitated 
as the mixture cooled. The product and charcoal were collected by filtration. It was 
necessary to recrystallize the product in order to separate it from the charcoal. The solid was 
placed in a 250 mL Erlenmeyer flask, and a minimal amount of hot water was added to 
dissolve the solid. The mixture was heated to 70 °C and 1 mL concentrated hydrochloric 
acid was added. The solution was filtered while still hot. The filtrate was placed in an ice 
bath, and 1 mL cold concentrated hydrochloric acid was added. The orange solid was 
collected by filtration and washed with 25 mL ice-cold ethanol and allowed to air dry.40 
The product was characterized by UV-Vis absorption spectroscopy and 59Co NMR 
spectroscopy. The compound had a UV-Vis absorption spectrum maximum at 475 nm and 
an NMR chemical shift of 8166 ppm with respect to a potassium hexacyanocobalt(III) 
standard. These values compare favorably with the literature values, UV-Vis absorption 
spectrum maximum at 475 nm40 and NMR chemical shift of 8100 ppm with respect to a 
potassium hexacyanocobalt(III) standard.27 
2. Tris(ethylenediammine)cobaltflll) chloride 
4 CoCl, +8 C2H4(NH2)2 + 4 C2H4(NH2)2-HC1 + 0 2 - 4 [Co(en)3]Cl3 + 2H 2 0 
(orange) 
A 1.7 mL volume of 6 M hydrochloric acid was used to partially neutralize 6.1 g of 
30% (V/V) ethylenediammine. The resulting mixture was poured into a solution of 2.4 g of 
cobalt(II)chloride hexahydrate in 15 mL deionized water. The cobalt(II) was oxidized to 
cobalt(III) by bubbling a vigorous stream of air through the mixture for three hours. The 
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solution was evaporated in a boiling water bath until a crust began to form over the surface. 
After the crust began to form, 1.5 mL of concentrated hydrochloric acid and 3.0 mL of 
ethanol were added. As solution was cooled, the crystalline product was formed. The 
crystals were washed with ethanol until the washings were colorless. Finally, the crystals 
were washed with ether and dried in the oven.41 
The product was characterized by UV-Vis absorption spectroscopy and 59Co NMR 
spectroscopy. The compound had a UV-Vis absorption spectrum maximum at 467 nm and 
an NMR chemical shift of 7139 ppm with respect to a potassium hexacyanocobalt(III) 
standard. The NMR chemical shift value compares favorably with the literature value of 
7144 ppm with respect to the potassium hexacyanocobalt(III) standard.27 
3. /mm-Dichlorobis(ethylenediammine)cobalt(HI) chloride 
4 CoCl2 + 8 C2H4(NH,)2 + 4 HC1 + 0 2 - 4 frww-[Co(en)2Cl2]Cl + 2 H 2 0 
(emerald green) 
A solution of 1.6 g cobalt(II)chloride hexahydrate in 10 mL water was prepared. Six 
grams of a 10 % (V/V) ethylenediammine solution was added with stirring. The solution 
then had air vigorously passed through for 10 or 12 hours in order to oxidize cobalt(II) to 
cobalt(III). (Aeration for longer periods of time would have caused undesirable secondary 
reactions to take place.) Next, 3.5 mL of concentrated hydrochloric acid was added and the 
solution was evaporated in a boiling water bath until a crust formed over the surface of the 
solution. The solution was cooled and stood overnight before the bright-green square plates 
were filtered. The product was washed with ethanol and ether and dried at 110 °C. 
Hydrogen chloride was lost at this temperature, and the crystals became a dull-green 
powder.4 ' 
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The product was characterized by UV-Vis absorption spectroscopy and 59Co NMR 
spectroscopy. The compound had a UV-Vis absorption spectrum maximum at 618 nm and 
an NMR chemical shift of 8925 ppm with respect to a potassium hexacyanocobalt(III) 
standard. The NMR chemical shift value compares favorably with the literature value of 
8960 ppm chemical shift from a potassium hexacyanocobalt(III) standard.27 
4. fr<my-Dinitrobis(ethvlenediammine)cobalt(III) nitrate 
4 {Co(N03)2-6H20} + 8 NaNO, + 4 C2H4(NH2)2 + 4 C2H4(NH2)2-HN03 + 0 2 -
4 fram-[Co(en)2(N02)2]N03 + 8 NaN0 3 + 26 H 2 0 
(yellow-orange) 
Three milliliters of concentrated nitric acid was added drop-wise to a mixture of 6.85 
g of 70 % (V/V) ethylenediammine and 10 mL of water. The resulting solution was added 
to a mixture of 11.5 g of cobalt(II)nitrate hexahydrate and 6.0 g of sodium nitrite in 20 mL 
of water. Air was then passed vigorously through the solution in order to oxidize cobalt(II) 
to cobalt(III). After a few minutes, the yellow Iran5-dinitrobis(ethylenediammine)cobalt(III) 
nitrate began to precipitate. After approximately 20 minutes, the reaction was complete. The 
mixture was cooled in an ice-salt bath and then filtered. Boiling water was used to 
recrystallize the yellow solid. The solid was washed with ethanol and ether and allowed to 
air dry.42 
The product was characterized by UV-Vis absorption spectroscopy and by i9Co NMR 
spectroscopy. The compound had a UV-Vis absorption spectrum maximum at 431 nm and 
an NMR chemical shift of 6335 ppm with respect to a potassium hexacyanocobalt(III) 
standard. The NMR chemical shift value compares favorably with the literature value of 
6319 ppm shift from a potassium hexacyanocobalt(III)standard.27 
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5. cz's-Dinitritotetraamminecobaltflll) nitrate 
[Co(NH3)4C03]N03 + 2NaNO, - [C0(NH3)4(0N0)2]N03 + N a 2 C 0 3 
(dark red) 
The starting material, carbonatotetraammincobalt(III) nitrate, was first prepared by 
dissolving twenty grams of ammonium carbonate in 60 mL water. Next, 60 mL of 
concentrated aqueous ammonia was added. The solution was poured, while stirring, into a 
mixture that contained 15 g cobalt(II)nitrate hexahydrate in 30 mL water. Then, 8 mL of 30 
% hydrogen peroxide was slowly added to the solution. The solution was then heated on a 
hot plate until the total volume was reduced to approximately 90 mL. It was important that 
the solution not be allowed to boil. During the evaporation period, small portions of 5 g 
ammonium carbonate were added. The hot solution was then suction filtered and the filtrate 
cooled in an ice water bath. Finally, the purple-red crystals were suction filtered and washed 
first with a few milliliters of cold water (the compound is somewhat water soluble) and then 
with a similar amount of ethanol.4j 
Five grams of carbonatotetraamminecobalt(III) nitrate were dissolved in 40 mL of 
water at 5 °C with the aid of 3.5 mL concentrated nitric acid. Then, 10 g of sodium nitrate 
was added and the solution was stirred for 10 minutes at 5 °C. (The solution effervesced 
throughout the entire reaction.) The red precipitate was filtered and washed with two 5 mL 
portions of cold 2 M nitric acid, ethanol and ether. The product was stored in the freezer 
because the nitrito would intramolecularly convert to the nitro form upon standing at room 
temperature or in aqueous solution.44 
Characterization of the product was obtained by UV-Vis absorption spectroscopy and 
by 29Co NMR spectroscopy and will be discussed later. 
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B. NMR parameters 
All NMR spectra were obtained using a JEOL GSX 270 MHz FT-NMR. A saturated 
solution of potassium hexacyanocobalt(III) dissolved in 0.8 mL D 2 0 was used as the 
reference standard. Tables 2 and 3 list the parameters developed in order to attain 
reproducible data. It was determined that 256 scans would be sufficient to give a good signal 
to noise ratio, yet still allowed proper time to do the kinetic runs. The relaxation rate of the 
cobalt nucleus was very rapid (i.e., 0.2 |ls) due to the fact that the complexes under 
investigation were all low spin. The sweep width was chosen to be 32.051 kHz or 500 ppm 
in order to allow a wide enough window to give the spectra enough room to shift The offset 
was set slightly downfield from the center of the first peak, once again to give the spectra 
room to shift upfield as the exchange occurred. Since 59Co NMR is exceedingly sensitive 
to temperature changes, all runs were performed at constant temperature (23°C). 
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Table 2. Experimental Parameters for Hexaamminecobalt(III) Chloride. 
r c o ( N H A i c i ; 
Resonance frequency 64,626.350 kHz 
Scans 256 
Sweep 32.051 kHz 
Offset 8.060 kppm 
Points 1024 
Temperature 23 °C 
Molar concentration of complex 0.1 M 
Amount of deuterated solvent 0.2 mL 
Amount of buffer 0.6 mL 
'All spectra referenced to K3[Co(CN)6], 0) = 64,102.549 kHz 
Table 3. Experimental Parameters for Tris(ethylenediammine)cobalt(III) Chloride. 
[Co(en)3]Cl3* 
Resonance frequency 64,560.189 kHz 
Scans 256 
Sweep 32.051 kHz 
Offset 7.000 kppm 
Points 1024 
Temperature 23 °C 
Molar concentration of complex 0.1 M 
Amount of deuterated solvent 0.2 mL 
Amount of buffer 0.6 mL 
•All spectra referenced to K3[Co(CN)6]. 0) = 64,102.549 kHz 
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C. Data collection methodology 
All kinetic runs were performed under pseudo-first order reaction conditions by 
insuring that the deuterated solvent concentration was at least ten times greater than the 
concentration of the complex.48 In most cases, the concentration of the deuterated solvent 
was 50 to 100 times greater than the complex concentration. For example, the first solvent 
system was a 0.1 M [Co(NH3)6]+3 solution in 13.7 M deuterium oxide and the second solvent 
system was a 0.1 M [Co(NH3)6]+3 solution in 6.2 M methanol-d. 
The hydrogen/deuterium exchange reaction is also known to be base catalyzed. As 
a result, each complex was dissolved in a 0.1 M NaC2H302 / 0.1 M DC2H302 buffer solution 
in order to maintain a constant hydroxide ion concentration. Under these conditions, it was 
necessary to consider only the change in the concentration of the cobalt complex. 
For the hexaamminecobalt(III) chloride system, a 0 . 1 M [ C O ( N H 3 ) 6 ] C 1 3 solution was 
prepared by weighing 0 . 0 2 1 4 g of the solid directly into a clean, dry N M R tube. An 
appropriate amount of buffer (e.g. 0.6 mL) was added to the tube. After the buffer was 
added, the tube was shaken by hand in order to dissolve all of the solid. Once the solid was 
completely dissolved, 0.2 mL D 2 0 was added to the tube and the tube was shaken again to 
ensure complete mixing. Upon shaking, a stopwatch was started to measure the time. The 
sample was then placed in the NMR. The instrument was locked and shimmed before the 
first spectrum was taken. Nine additional spectra were then set up to be taken as automated 
runs. When the NMR experiment began for the first spectrum, the time elapsed from initial 
mixing to the beginning of the run was recorded from the stop watch. From this point on, 
the time was kept by the instrument and was later converted into real time (see Table 4). 
When monitoring the area underneath the peaks, it was necessary to allow sufficient time 
Table 4. Method for Time Determination. 
Start Time 
(hrs : min : sec) 
End Time 
(hrs : min : sec) 
Real Time 
(sec) 
17 : 25 : 27 17:26: 30 269* 
17 : 26 : 39 1 7 : 2 7 : 4 2 341 
17 : 27 : 50 17 : 28 : 53 412 
17 : 29 : 02 17 : 30 :05 484 
17 : 30 : 13 17 : 31 : 16 555 
17 : 31 : 24 17 : 32 : 27 626 
17 : 32 : 36 17 : 33 : 39 698 
17 : 33 : 47 17 : 34 : 50 769 
17 : 34 : 58 17 : 36 : 01 840 
17 : 36 : 10 17 : 37 : 13 912 
*Time calculated by summing instrument recorded experiment time and stopwatch reading (e.g. 3 min 26 sec). 
Stopwatch time recorded from addition and agitation of deuterated solvent to buffered complex until instrument 
initialized experiment. 
N3 Ul 
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between runs in order to observe an appreciable decrease in the integration of the first peak. 
When the solvent is deuterium oxide, the spectra can be taken in two minute intervals. In 
methanol-d the spectra were taken in five minute intervals and every 10 minutes in ethanol-d. 
For the tris(ethylenediammine)cobalt(III) chloride system a 0.1 M [Co(en)3]Cl3 
solution was prepared by weighing 0.0305 g of the solid directly into a clean, dry NMR tube. 
From this point, the same procedure was followed as for the hexaamminecobalt(III) chloride 
system. 
D. Data analysis 
In the analysis of the NMR spectra it is assumed that the integration of the peak area 
is proportional to the concentration of the species. This assumption is a valid one provided 
the relaxation time is very fast and the system returns completely to equilibrium. For the low 
spin octahedral cobalt(III) complexes being studied, the relaxation time in 59Co NMR is very 
fast {e.g. 0.2 (is). Because of the relaxation time, the integration of the first peak is 
representative of the complex concentration. Therefore it is valid to use these integrations 
to follow the decrease in concentration of the complex over time. This approach is unlike 
the classical example of b C where the integration of the peaks is not proportional to the 
concentration. There are many types of bonding environments for carbon, which has multiple 
hybridizations. For example, there are aliphatic and aromatic carbons. Due to the relaxation 
time, Th in order to be able to compare the integrations in a l jC spectrum, the carbons must 
be in similar bonding environments (e.g., aromatic compared to aromatic, aliphatic compared 
to aliphatic and alkyne compared to alkyne, etc.). In 13C NMR, if an aromatic and aliphatic 
carbon of the same concentration are perturbed from their equilibrium positions, the time it 
takes to return completely is longer for the aromatic carbon than for the aliphatic carbon. 
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Thus, since both nuclei were perturbed at the same time, the aliphatic carbon will have a very 
large peak because it returned to equilibrium at a faster rate. The aromatic carbon will have 
a much smaller peak-even though the concentration of each is in a 1:1 ratio. 
Throughout the current investigation, the interest lay in the peak shifted furthest 
downfield in the spectrum. In the hexaamminecobalt(III) chloride system, this peak is the 
signal from the fully protonated H lg isotopmer. This peak occurs at 8177 ppm. For the 
tris(ethylenediammine)cobalt(III) chloride system, the peak shifted furthest downfield 
represents the signal from the fully protonated H,2 isotopmer. This peak occurs at 7141 ppm. 
The changes in the area under these peaks is the data used to determine the pseudo-first order 
rate constant. 
IV. RESULTS 
A. Hexaamminecobalt(III) chloride 
Initially 0.0428 g hexaamminecobalt(III) complex was placed in 0.8 m l pure D 2 0, 
and studied by ^Co NMR at 23 °C. The resulting spectra contained several peaks (see 
Figures (2-5). The peak shifted furthest downfield represents the H ]8 isotopmer, (8177 ppm). 
For this isotopmer, all 18 hydrogens are still present on the ammine groups in the complex. 
The second peak represents the H17-D1 isotopmer, (8170 ppm) after one hydrogen has been 
exchanged. The third peak represents the H16-D2 isotopmer, (8164 ppm) after two 
hydrogens have been exchanged, and so forth. After about five minutes, the H18 peak had 
completely disappeared and an intermediate set of peaks was observed representing the H14-
D4 through the H4-D14 isotopmers, (8155 ppm 8097 ppm). After around 15 hours, the 
reaction had gone almost to completion. The predominant peak was the D,8 peak, (8070 
ppm) where all 18 hydrogens had been exchanged for deuterium. It was not possible to 
observe all 19 peaks in one spectrum. Therefore it was necessary to combine the three 
spectra in order to observe the full range. 
From the combined spectra, it is possible to make several chemical shift observations. 
For the hexaamminecobalt(III) chloride there is an approximate 5.6 ppm shift for every 
deuterium atom added, giving an overall chemical shift range of approximately 108 ppm for 
all 19 isotopmers. One of the most interesting features about this observation is that the 
hydrogen/deuterium exchange which is being observed is not attached to the nucleus under 
investigation but, rather, is attached to the atom connected to the atom of the nucleus of 
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Figure 2. NMR spectrum of 0.1 M hexaamminecobalt(III) chloride in 0.8 mL D20, time = 2 min. to 
X : parts per Thousand : SS>C^ o 
Figure 3. NMR spectrum of 0.1 M hexaamminecobalt(III) chloride in 0.8 mL D20, time = 5 min. w 
o 
Figure 4. NMR spectrum of 0.1 M hexaamminecobalt(III) chloride in 0.8 mL D,0, time = 1 5 hrs. 
OJ 

interest. Thus, in a very simplistic manner, it is possible to observe the addition of one 
neutron to an atom that is two atoms away from the nuclei being probed. 
In the evaluation of a 0.1M hexaamminecobalt(III) chloride dissolved in 0.6 mL 
sodium acetate/acetic anhydride buffer and 0.2 mL deuterium oxide solution ten different 
NMR spectra were obtained (see Figures 6-15). In each spectrum, the NMR integrated the 
first peak (the H1S isotopmer). The log of these values versus time was then plotted (see 
Figure 16). In the example given on the next page, the r v a l u e was 0.998239, indicating that 
the results are in good correlation with a linear plot, which is predicted from first-order 
kinetics. The slope is -0.00046859sec"'. When this slope is multiplied by -2.303, an 
experimental pseudo-first order rate constant of 1.07916 x 10"3sec"' is obtained. This 
experiment was one of several that were run. This process was repeated until at least three 
values for the rate constant were consistent to at least two decimal places, and then an 
average was taken of all of the rate constants obtained. (See Tables 5-7) 
Once consistency had been developed using deuterium oxide as the solvent, other 
solvent systems were investigated. Due to solubility issues, the only other solvent that could 
be used in the hexaamminecobalt(III) chloride system was methanol-d. The same procedure 
was followed to obtain the experimental rate constant. The results for the experimental rate 
constants in both deuterium oxide and methanol-d are given in the table. 
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Figure 6. NMR spectrum of 0.1 M hexaamminecobalt(III) chloride in 0.6 mL buffer and 0.2 mL D20, time = 269 sec. u-> 
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Figure 18. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.2 mL buffer and 0.6 mL D20, time = 1 hr 30 min. 
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Figure 18. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.2 mL buffer and 0.6 mL D20, time = 1 hr 30 min. 
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Figure 18. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.2 mL buffer and 0.6 mL D20, time = 1 hr 30 min. 
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Figure 18. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.2 mL buffer and 0.6 mL D20, time = 1 hr 30 min. u> 
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Figure 12. NMR spectrum of 0.1 M hexaamminecobalt(III) chloride in 0.6 mL buffer and 0.2 mL D20, time = 698 sec. o 
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Table 5. Integration and Time Data for Hexaamminecobalt(III) Chloride 
Used in the Plot to Determine the Rate Constant. 
Integration of Peak Area Log Integration Time (sec) 
0.61833 -0.20878 269 
0.58393 -0.23364 341 
0.54967 -0.25990 412 
0.48424 -0.31494 484 
0.45407 -0.34288 555 
0.42322 -0.37343 626 
0.39482 -0.40360 698 
0.36747 -0.43478 769 
0.33948 -0.46919 840 
0.30997 -0.50868 912 
-p-
Figure 16. Plot of 0.1 M hexaamminecobalt(III) chloride in 0.6 mL buffer and 0.2 mL D,0. 
Table 6. Pseudo-First Order Rate Constants of 0.1 M Hexaamminecobalt(III) Chloride in Assorted Deuterated Solvents. 
Pseudo-First Order Rate Constant 
in D20 
k (sec)"1 (r2) 
Pseudo-First Order Rate Constant 
in Methanol-d 
k (sec)"1 (r2) 
1.2270 x 10"3 (0.9956) 2.0331 x 10"4 (0.9971) 
1.2083 x 10"3 (0.9707) 1.7808 x 10"4 (0.9820) 
1.0790 x 10 "3 (0.9767) 1.7054 x 10"4 (0.9750) 
1.0791 x 10"3 (0.9982) 1.6544 x 10"4 (0.9903) 
8.5800 x lO"4 (0.9932) 1.9851 x 10"4 (0.9776) 
Table 7. Average Pseudo-First Order Rate Constants of 0.1 M Hexaamminecobalt(III) Chloride 
in Assorted Deuterated Solvents. 
Deuterated Solvent Molarity of Complex 
Average 
Pseudo-First Order Rate Constant 
k (sec)"1 
D20 0.1 M 1.09 x 10'3 
Methanol-d 0.1 M 1.83 x 10"4 
-p-
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There is a six fold decrease in the pseudo-first order rate constant for the reaction 
using methanol-d as compared to D 2 0, an indication that the reaction which involved 
methanol-d proceeded slower than the reaction that involved deuterium oxide. This result 
is consistent with the trend in the Ka values. The Ka value for water is 1.0 x 10"14 and the Ka 
value for methanol is 3.2 x 10-16. The Ka value is a measure of the availability of a proton 
to be donated. If a proton is more readily available, it should exchange more rapidly, thus 
leading to a larger rate constant, given a constant 0.1 M complex. Therefore, it is reasonable 
to expect the greater the acidity, the faster the exchange will occur. The results obtained 
from the study supported this contention. 
B. Tris(ethylenediammine)cobalt(III) chloride 
When 0.0305 g tris(ethylenediammine)cobalt(III) chloride was placed in 0.8 mL of 
pure D 2 0, there was no apparent exchange. A single peak present on the NMR spectrum 
that had not moved after 30 minutes indicated that the solution was not basic enough for the 
exchange to occur. However, upon standing for one week, the solution did begin to 
exchange, but it was not in a time frame that was conducive to collecting the spectra to 
illustrate all 13 isotopmers. When the complex was first placed in 0.2 mL of buffer, and 0.6 
mL D 2 0 the reaction did take place in a timely manner. The resulting spectra contained 
several peaks (see Figures 17-20). The peak shifted furthest downfield represents the H12 
isotopmer, (7141 ppm). For this isotopmer, all 12 hydrogens are still present on the ammine 
groups in the complex. The second peak represents the HI 1-D1 isotopmer, (7136 ppm) after 
one hydrogen has been exchanged. The third peak represents the H10-D2 isotopmer, (7130 
ppm) after two hydrogens have been exchanged, and so forth. After one hour and thirty 
minutes, the H P peak had completely disappeared, and an intermediate set of peaks were 
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Figure 18. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.2 mL buffer and 0.6 mL D20, time = 1 hr 30 min. 
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Figure 18. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.2 mL buffer and 0.6 mL D20, 
time = 1 hr 30 min. Ul o 
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Figure 18. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.2 mL buffer and 0.6 mL D20, time = 1 hr 30 min. 
. Illustration of the 13 isotopmers of tris(ethylenediammine)cobalt(III) chloride in buffer and D 2 0. 
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observed representing the HI 1-D1 through the H3-D9 isotompers, (7136 ppm 7095 ppm). 
After around 20 hours, the final isotopmers were present. The D,2 peak occurs at 7078 ppm 
where all 12 hydrogens have been exchanged for deuterium. It is not possible to observe all 
13 peaks simultaneously. Therefore it is necessary to combine the three spectra in order to 
observe the full range. 
From the combined spectra, it is possible to make several chemical shift observations. 
There is an approximate 5 ppm upfield shift observed as each hydrogen is exchanged for a 
deuterium.36 In tris(ethylenediammine)cobalt(III) chloride, there are only 12 protons available 
for exchange. Thus, the approximate overall chemical shift for all 13 isotopmers would be 
approximately 65 ppm. 
In the evaluation of a 0.1 M tris(ethylenediammine)cobalt(III) chloride dissolved in 
0.6 mL sodium acetate/acetic anhydride buffer and 0.2 mL deuterium oxide solution ten 
different NMR spectra are obtained (see Figures 21-30). In each spectrum, the instrument 
integrated the first peak (the H12 isotopmer). The log of these values versus time is then 
plotted (see Figure 31). In the example illustrated on the next page, the r2 value is 0.999267, 
which indicates that the results are in good correlation with a linear plot, which is predicted 
from first-order kinetics. The slope was ~0.0004493sec"'. When the slope was multiplied 
by -2.303, an experimental pseudo-first order rate constant of 1.9509 x 10°sec"' was 
obtained. This experiment was one of several that were ran. This process was repeated until 
at least three values for the rate constant were consistent to at least two decimal places, and 
then an average was taken of all of the rate constants obtained (see Tables 8-10). 
Once consistency had been obtained where deuterium oxide was the solvent, other 
solvent systems were investigated. This time an additional solvent, ethanol-d, was included 
;-d . 
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Figure 18. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.2 mL buffer and 0.6 mL D20, time = 1 hr 30 min. 
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Figure 26. NMR spectrum of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.6 mL buffer and 0.2 mL D20, time = 647 
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Table 8. Integration and Time Data for Tris(ethylenediammine)cobalt(III) Chloride 
Used in the Plot to Determine the Rate Constant. 
Integration of Peak Area Log Integration Time (sec) 
0.62264 -0.20576 290 
0.57508 -0.24027 361 
0.54004 -0.26757 433 
0.50644 -0.29547 504 
0.47400 -0.32422 575 
0.42897 -0.36757 647 
0.40197 -0.39581 718 
0.37267 -0.42868 790 
0.34701 -0.45966 861 
0.31967 -0.49530 932 
CT\ 
300 400 500 600 700 800 900 
Time (sec) 
Figure 31. Plot of 0.1 M tris(ethylenediammine)cobalt(III) chloride in 0.6 mL buffer and 0.2 mL D20. 
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Table 9. Pseudo-First Order Rate Constants for 0.1 M Tris(ethylenediammine)cobalt(III) Chloride 
in Assorted Deuterated Solvents. 
Pseudo-First Order Rate Constant 
in D20 
[k (sec)"1] (r2) 
Pseudo-First Order Rate Constant 
in Methanol-d 
[k (sec)"1! (r2) 
Pseudo-First Order Rate Constant 
in Ethanol-d 
[k (sec)"1] (r2) 
1.2768 x IO"3 (0.9735) 2.5797 x 10"4 (0.9873) 1.3576 x IO"4 (0.9041) 
1.0347 x 10'3 (0.9993) 2.4915 x IO'4 (0.9666) 1.6329 x IO"4 (0.9177) 
1.1332 x 10"3 (0.9920) 2.3281 x IO"4 (0.9809) 1.3835 x IO"4 (0.9342) 
1.8573 x 10"3 (0.9739) 2.2680 x 10"4 (0.9877) 1.4827 x IO"4 (0.8896) 
1.2703 x 10'3 (0.9820) 2.0797 x IO"4 (0.9806) 1.5110 x 10-4 (0.9366) 
1.1774 x 10"3 (0.9865) 
1.6765 x IO"3 (0.9811) 
1.0950 x 10"3 (0.9935) 
1.4723 x IO"3 (0.9656) 
as 
Table 10. Average Pseudo-First Order Rate Constants for 0.1 M Tris(ethylenediammine)cobalt(III) Chloride 
in Assorted Deuterated Solvents. 
Deuterated Solvent Molarity of Complex 
Average 
Pseudo-First Order Rate Constant 
k (sec)"1 
D20 0.1 M 1.33 x 10'3 
Methanol-d 0.1 M 2.36 x 10^ 
Ethanol-d 0.1 M 1.47 x 10'4 
ON 
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in the study. The same procedure was followed to obtain the experimental rate constant. 
The results for the experimental rate constants in deuterium oxide, methanol-d and ethanol-d 
are given in Table 9. 
There is approximately a two fold decrease in the pseudo-first order rate constant for 
the reaction using ethanol-d as compared to methanol-d. A four fold decrease occurs for the 
reaction using methanol-d as compared to D 20. The indication is that the reaction involving 
methanol-d proceeds slower than the reaction involving deuterium oxide. This result is 
consistent with the trend in the Ka values. The Ka value for water is known to be 1.0 x 10'14, 
the Kn value for methanol is 3.2 x 1CT16 and the Ka value for ethanol is 1.3 xlO'16 . Since the 
a a 
Ka value is a measure of the availability of a proton to be donated, the more readily available 
a proton, the more rapid the exchange, thus leading to a larger rate constant given a constant 
0.1 M complex. Therefore, it is reasonable to expect that the greater the acidity, the faster 
the exchange will occur. The results obtained from the study support this contention. 
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C. Comparison of results with previous literature values 
Comparison of the pseudo-first order rate constants determined in the current study 
with previously reported rate constants is difficult at best. Palmer and Basolo report 
approximate second order rate constants,14, 15, 16 while the current study focuses on the 
determination of pseudo-first order rate constants. The approximate second order rate 
constants reported by Palmer and Basolo were calculated by taking the pseudo-first order rate 
constant and dividing by the concentration of OD" ion. Unfortunately, the authors do not 
report their raw data, the pseudo-first order rate constant from their log plots, or the value for 
the concentration of the OD_ ion. They do mention that the OD" ion concentration varies 
slightly from complex to complex. This variation may be attributed to the fact that their 
complex concentrations varied from 0.11 M for the hexaamminecobalt(III) chloride to 0.16 
M for the tris(ethylenediammine)cobalt(III) chloride. In the current study, the complex 
concentration was held constant at 0.1 M. In addition, the solvent parameters employed by 
Palmer and Basolo involved dissolving the cobalt(III) complexes in a 0.1 M NaC2H30, / 0.1 
M DC2H302 buffered solution of 99.5% D 2 0. The current study prepares the 0.1 M acetic 
acid / 0.1 M sodium acetate buffer in water and then adds the deuterated solvent after the 
complex has been dissolved. 
Even with these differences in experimental procedure and omission of data by 
previous authors the OD" concentration in the current study may be roughly approximated 
from the pH of the cobalt(III) complex solutions. Using the Ka value of acetic acid as 1.737 
x 10"5 and the Kw value for water as 1.0 x IO'14, the OD" ion concentration can be 
approximated as 5.76 x 10"10. When the psuedo-first order rate constants from the current 
study are divided by this value, a second order rate constant of approximately 1.9 x 106 M"1 
70 
sec-1 is calculated for the hexaamminecobalt(III) chloride system and a second order rate 
constant of approximately 2.3 x 106 M'1 sec^1 for the tris(ethylenediammine)cobalt(III) 
chloride system. These values compare favorably with the literature values of 1.6 x 106 M_l 
sec-1 for the hexaamminecobalt(III) chloride system and 2.5 x 106 M"' sec-1 for the 
tris(ethylenediammine)cobalt(III) chloride system reported by Palmer and Basolo. 
D. frflm,-Dichlorobis(ethylenediammine)cobalt(III) chloride 
The first complex studied for the electronic effects of various ligands was trans-
dichlorobis(ethylenediammine)cobalt(III) chloride. 
Since the chemical shift range for 59Co NMR is so large (18,000 ppm), the first goal was to 
locate the chemical shift for the complex. This task was achieved by dissolving an arbitrary 
amount of complex in the buffer solution without using a deuterated solvent, so that the 
NMR could find the H8 isotopmer. ( z r a r a - d i c h l o r o b i s ( e t h y l e n e d i a m m i n e ) c o b a l t ( I I I ) chloride 
has only eight exchangeable hydrogens.) The resulting spectra appeared as a sinusoidal 
wave. This phenomena indicates that the complex is paramagnetic. However, a very small 
peak did appear around 8925 ppm which is very close to the expected literature value of 8960 
ppm.36 The complex was allowed to stand in solution overnight. The next day, the solution 
had turned from an emerald green color to a royal purple color. It is proposed that the color 
change is due to the exchange of one or more of the chloride groups for aqua groups. The 
original green solution has an UV-Vis absorption maximum at 618 nm (see Figure 32). 
Figure 32. NMR spectrum of franj-dichlorobis(ethylenediammine)cobalt(III) chloride in 0.8 mL buffer. 
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E. /yflm'-Dinitrobis(ethylenediammine)cobalt(III) nitrate 
Since chlorine is a weak field ligand in the spectrochemical series, it was speculated 
that the incorporation of a strong field ligand in the complex should result in a diamagnetic 
species, and therefore should become observable by the NMR. Thus, the second complex 
chosen for study was fram-dinitrobis(ethylenediammine)cobalt(III) nitrate. This species was 
chosen because the nitro group is known to be a strong field ligand. 
N02 
Once again, the first goal was to locate the chemical shift for the complex. An arbitrary 
amount of complex was dissolved in the buffer solution. This complex is not particularly 
soluble in aqueous solution, so there is some solid present in the bottom of the NMR tube. 
This time, the spectra gave a definite peak at 6335 ppm, and a straight base line. This value 
compares favorably to the literature value for the chemical shift of the complex which was 
6319 ppm.36 However, the peak was too broad (around 70 ppm) for any exchange between 
the hydrogen and the deuterium to be observed. This species gave a UV-Vis absorption 
maximum at 431 nm (see Figure 33). 
(Millions) 
- 1 - 0 0 
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F. czs-Dinitritotetraamminecobaltflll) nitrate 
Previous literature sources had stated that trans isomers give broader lines in their 
NMR spectra than their corresponding cis isomers.26 Thus, c/s-dinitritotetraammine-
cobalt(III) nitrate was chosen as the next complex of study. 
ONO 
/ O N O 
N H 3 - ^ C O + 3 — NH3 
NH3 
NH3 
There are no previously recorded literature values for the NMR chemical shift of this 
complex. Once again, an arbitrary amount of complex was dissolved in the buffer solution. 
The spectra obtained from the NMR displayed three separate peaks. This result was 
unexpected since only one peak was anticipated before deuterium exchange. It should be 
noted that the nitrito group coordination to the cobalt is through the oxygen rather than the 
nitrogen. This form is not energetically favorable, and as a result the complex is stored in 
the freezer to ensure that it remains in the nitrito form. It is known that upon standing at 
room temperature, or in aqueous solution, the nitrito group will rearrange to the nitro 
group.47 It is speculated that the dominant peak at 8325 ppm is the cis-
dinitritotetraamminecobalt(III) nitrate, the peak at 9487 ppm appears to be an intermediate 
peak where one group is the nitro and one is the nitrito, and the peak at 7262 ppm is the cis-
dinitrotetraamminecobalt(III) nitrate. To test this hypothesis, the sample was allowed to 
stand overnight to see if it would convert completely to the nitro form. The next day, the first 
observation made was that the solution had turned from a brilliant red color to an orange 
color. When the sample was run in the NMR, the spectrum displayed only one peak at 7262 
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ppm which compared favorably to literature values given for the cis-
dinitrotetraamminecobalt(III) nitrate of 7262 ppm. j 6 As of this writing this system has not 
been investigateed in terms of hydrogen/deuterium exchange. However, the cw-dinitro froms 
appear promising since the peak width is only 30 ppm (see Figures 34 and 35). 
ONO 
/ O N O 
N 0 2 
/ N 0 2 
+3. N H 3 ^ C O + J — N H 3 ^ N H A — _ C O + 3 _ N H ^ 
NH3 
NH, 
NH3 
NH 3 
G. Conclusions 
59Co NMR is an effective way to follow the hydrogen/deuterium exchange rates in 
the hexaamminecobalt(III) chloride and the tris(ethylenediammine)cobalt(III) chloride 
systems. The average experimental pseudo-first order rate constant is 1.09 x 10° sec"' for 
the hexaamminecobalt(III) chloride system in D 2 0. The average experimental rate constant 
inmethanol-d is 1.83 x 10"4 sec1. These values followed trends expected from the Ka values. 
As the acidity of a proton increases, the rate of exchange increases thereby yielding a higher 
rate constant. Difficulty exists in directly comparing our data to previous literature values 
because past authors reported second order rate constants. In modifying our data to report 
a second order rate constant, a value of 1.9 x 106 M"1 sec"1 was obtained. This value 
compares favorably with the literature value of 1.6 x 106 M"1 sec"1 reported by Palmer and 
Basolo. 
The average experimental pseudo-first order rate constant for the tris-
(ethylenediammine)cobalt(III) chloride system was found to be 1.33 x 10"3 sec"1 in D 2 0 , 
lO.O OAi 
X : parts per Thousand : 59Co 
•7.0 
Figure 34. NMR spectrum of c^-dinitritotetraamininecobalt(III) nitrate in 0.8 mL buffer. 
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Figure 35. NMR spectrum of ris-dimtrotetraamminecobalt(III) nitrate in 0.8 mL buffer. 
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2.36 x 10"4 sec-4 in methanol-d, and 1.47 x 10'4 in ethanol-d. These values followed trends 
expected from the Kn values. Once more, as the acidity of a proton increases, the rate of 
exchange increases thereby yielding a higher rate constant. A similar approach was taken 
to compare the experimental second order rate constant with previous literature values. The 
experimental second order rate constant was 2.3 x 106 M'1 sec-1. This value compares 
favorably with the literature value of 2.5 x 106 Ivf' sec-1 reported by Palmer and Basolo. 
Three complexes were studied to determine the electronic effects of the ligands on 
the hydrogen/deuterium exchange. The first complex, /raw-dichlorobis(ethylenediammine)-
cobalt(III) chloride is paramagnetic, and thus, beyond the scope of study using NMR 
techniques. The second complex studied was /ram'-dinitrobis(ethylenediammine)cobalt(III) 
nitrate. Since this compound is not paramagnetic, NMR study is possible. However, under 
our conditions, the linewidth was too broad to observe any hydro gen/deuterium exchange. 
The third complex studied was cw-dinitritotetraamminecobalt(III) chloride. This complex 
will isomerize from the nitrito to the nitro form, as a solid if left standing at room 
temperature or when dissolved into an aqueous solution. When this complex is prepared in 
an aqueous media and observed by NMR at short times, the nitrito form displays three 
distinct NMR peaks, with some underlying paramagnetism causing the baseline to have 
sinusoidal character. When the same sample is observed after longer times (upon standing 
overnight) the complex converts to the nitro form as evidenced by the single peak that is 
given in the NMR spectrum at 7262 ppm. This value matches the literature value of 7262 
ppm. This system may show promise for study of the hydrogen/deuterium exchange since 
the peak width is only 30 ppm. 
V. FUTURE WORK 
An area of future interest would involve the synthesis of more cobalt(III) complexes. 
It would be particularly intriguing to find more complexes that have peak widths small 
enough that the individual isotopmers could be observed. This observation would allow the 
potential for further kinetics studies of the hydrogen/deuterium exchange in complexes. 
Even if the study of the hydrogen/deuterium exchange is not possible, it is still worthwhile 
to investigate the electronic effects of various ligands. 
Another area of interest includes the incorporation of more solvent systems. There 
is a significant change in rate constants based upon the deuterated solvent in which the cobalt 
complexes are placed. Also, the solvent can change the line width. The more hydrogen-
bond capable the solvent, the broader the line width of the peaks.37 Therefore, weakly 
hydrogen bond capable solvents may reduce line widths enough to observe individual 
isotopmers. 
In this study, the only exchange investigated was the H18-D0 to the H17-D, the first 
peak in the NMR spectrum. It would be interesting to study subsequent peaks beyond the 
HI8 isotopmer, in order to observe the kinetics of second, third and fourth, 
etc...hydrogen7deuterium exchanges. However, the math becomes much more complicated 
at this stage, because a 19 X 19 matrix is introduced into the system. It would also be of 
interest to form the D18 version of Hexaamminecobalt(III) chloride. From this complex, the 
exchange rate in going from the D18 to the HI 8 when placed in water could be studied. 
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These conditions could be observed to determine if there is a difference in the rate constant 
when a deuterium is exchanged for a hydrogen. 
Finally, there were very interesting results that were obtained when studying the cis-
dinitritotetraamminecobalt(III) nitrate system. These were due mainly to the interconversion 
of the nitrito to the nitro group. This system is one that is not well understood, and its further 
study would be very beneficial. 
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